An effective two-body interaction is uniquely determined, on the condition that the interaction causes a nucleus to deform. This interaction consists of two terms. One is Elliott's Q-Q interaction and the other a restoring, term. It is shown that the interaction ca uses nuclear rotational levels and the moment of inertia is about I rig/3 in the case of typical nuclear defomation. Our formalism is the dynamical Hartree method and all results are derived in two-dimensional space. § 1. Iutrod uetiou
§ 1
. Iutrod uetiou
The main program in nuclear theory is to derive the properties of the nucleus from the properties of the nuclear force. The first step in this program had been made by Brueckner,l) Eden 2 ) and Bethe 3 ).
Their results indicate that the nucleus may be approximately described in terms of independently moving particles, in spite of the strong correlations between the constituent particles. We suppose that many features of the nucleus should be understood in the light of the above picture.
One of the striking features in low energy nuclear phenomena is the appearance of collective motions. Such nuclear collective motions should be understood on the basis of the independent particle picture, adding another correlations which are lacking in the independent particle picture.
As to the above correlations to be added, however, we know little at present, an example of which being the residual interaction appearing in Brueckner's theory. But it will be difficult to show that this residual interaction is the origin of nuclear collective m060ns.
On the other hand, more phenomenological treatments have been proposed by many authors, one of which is Inglis' cranking modeI 4 ).
In his model, an external force cranks the nuclear body and this cranking causes nuclear collective motion. Thus it might be said that his external force would play a part of nuclear correlation 5 ) • Therefore if we can replace an external force in the cranking model by an inner effective two-body potential, this modified model will be the next step in the main program.
Now the principal purpose of our paper is to test how far "the independent particles plus the effective two-body potential model" may account for the nuclear deformation and the rotational motion consistently, and to seek for the character of this effective two-body potential required.
In our model, the collective motion and the effective two-body potential are connected in the following manner. Any particle in a nucleus filling the individual level is excited by the effective two-body potential, and then the nucleus may undergo a density change. A part of the uniform potential at an inner point of the nucleus will be determired by the above two-body potential averaged over the density distribution. Thus the variation of the uniform potential follows from the variation of density. In this case, certain properties of two-body potential will decide the type of the variation of the uniform potential.
The above picture of nuclear collective motion can be represented in the formalism of the time dependent Hartree equations 6 ).
We start from giving the solution i.e., the nuclear deformation, and then derive the form and strength of the effective two-body potential, so that the above equations involving the nuclear deformation and this potential are consistent.
In this paper, we consider a two-dimensional oscillator model. A more realistic case will be investigated in a succeeding paper.
In § 2, the time dependent Hartree equations are introduced. In § 3, we express the effective two-body potential in terms of the deformation and the particle configuration, then calculate the rotational energy self-consistently, using thus determined effective two-body potential.
In Appendix I, we briefly comment on a possibility of describing the nuclear collective motion in terms of fluctuating uniform potential, starting from the original nuclear system. § 2. Introduction of the self-consistent equations Following the assumption presented in the preceding section, we introduce here a set of the fundamental equations.
These fundamental equations are*
Gce where vCr, r') is symmetric with respect to r, r' and ::s means a sum over the occ occupied states. The wave function of the system IS a normalized Slater determinant of singleparticle wave function, * In these equations, the exchange terms are not contained. We understand these equations as the model equations, which are equivalent to the approximated Fock equations. 
Similar systems have already been presented by M. Nogami 6 ) and R. A. Ferre1l 6 ).
They have gained some success in their treatments of the plasma oscillations in electron gas and the excited states of 0 16 • It will be worthwhile to note here that the correlation between two particles in the nucleus, v (r, r') in Eq. (3), is not an original inter-particle potential but an effective two-body potential between the particles moving in the uniform potential. § 3. The case of 2-dirnensional oscillator potential
In this section, the deformation and the rotational motions are treated In the 2-dimensional oscillator model.
For simplicity, we neglect the spm dependence of the potential. a) Description of the rotational motion We consider 2-dimensional rotation in y-z plane around a fictitious x-aXIS. Here we assume the following type of rotational motion exists as the solution of Eqs. (1), (2) , and (3),* (5) where L J ; is the angular momentum operator and II the angular velocity, which we assume to be constant** and ¢Ci) (ri) describes a stationary state.
Then the transformed functions Sb(i) (r) satisfy
a~It/at=O, from which we get
If (7) or (8) is satisfied, we may writte
(8)
From Eq. (9), we see that (5) represents a transformation to the body fixed coordinate system, in which the system is in stationary state. b) Consistency of the time variations As Eq. (2) holds for arbitrary time t, both sides of Eq. (2) must have same time variations.
In other word, the time variation of density must be transmitted through the two-body potential to the averaged uniform potential without changes.
* As we shall see later, the expression (5) is the self-consistent solution of Eqs. (1), (2), (3), so this assumption will be justified. ** More generally, Q may depend on r and single particle states.
At the same time, the stationary condition (8) is also required. In the following we seek for the condition of compatibility of the both requirements. Substituting (2) into (8) and using (5), we get*
where we use ,o(r,t)=:
U sing that Lx = -ina jaso in polar coordinate, we can easily perform the partial
,;
As this equation should be satisfied for the energy states having the same potential v (r, r'), we get
I.e., the effective two-body potential must be rotational invariant.
c) The uniform potential (12) In the non-rotating state (!d = 0), the uniform potential IS deformed oscillator potential taken to be the
which becomes spherical in the absence of the effective two-body potential, where M is the mass of a particle.
Generally 
) Z2} .
Here we assume the incompressible deformation I.e., From (13) the following relation also results,
Higher order terms In !2/w, U(i n ) (n>l) will be determined later in a selfconsistent manner.
d) Non-rotating states Even in the non-rotating states, a nucleus is forced to deform in the form given by Eq. (15) by the effect of v (r, r').
A set of equations in this case (t2=0) follows from (1), (2), (3), 
where we used (16).
As is clear from (31) and (32), the strength of effective potential can be fixed uniquely from the deformation and particle configurations.
Further, it will be interesting to express A and B in terms of deformation parameter E defined by wjw z = 1 + E. For small E Acc-E BCCE2.
Consequently, it is found that the first term of v (r, r') induces the deformation of nucleus and the second restores it. e) Rotating states
Excited states are the rotating states (..Q~O). Because J2/w IS assumed to be small, we consider up to the second order terms in J2/ w.
Equations to be solved are
where the suffix (n) reprensents the term of order (f2/w)n. In these equations U~l) and U;,2) are the unknown functions which should be solved in self-consistent manner successively, using the v (r, r') given in Eq. (28) 
+:s{ (a):l*-b,;~)*)sbai)* sb~i)+ (a~~)-b;~l)sb6i)* sbb,i)}].
J=Fi "
We begin with investigating the first order terms. As v (r, r') is a linear combination of y2, Z2 and yz, U;]l can be written generally as
In this expression a, band c are the coefficients to be found. From (34),
Coriolis' force does not give any contributions to (P) because the matrix element (j\L.c\i) is pure imaginary. So Eq. (38) gives a set of the homogeneous equations of a, band c. Without loss of generality, a may be set equal to zero, because this term fixes the directions of the principal axis. It will be also shown that band c must be zero (see Appendix II), so we conclude U~l)(r, 0) =0, and then the excitation energy begins with the second order terms J2/(V, which guarantees the rotational spectrum.
Next let us examine the second order terms. As in the case of U;l) (r, 0), we put (39)
Here we omitted a term proportional to yz because it gives contribution to energy only in the fourth order. The second order terms in (36) and (39) are substituted into (34). In this case, the effects of Coriolis' force remain in the right-hand side of (34), which assure the non-zero solutions for f and g. Detailed calculations will be carried out in Appendix III. Here we quote only the results. The energy of our system is In (41) the first term denoted by Ec has been given by Inglis 4 ),9) and others. 10 ) which represents the pure effect of Coriolis' force. On the other hand, by the Coriolis force a nucleus changes its density. This causes the change of uniform potential through the effective two-body potential. As v (r, r') gives the equilibrium point of density distribution in the ground state of a deformed nucleus, so the density changes require the corresponding energies. The second term corresponds just to this part of the energy increment. 
So far the angular velocity 12 has been left as a free parameter, on the assmption 12/ w ~ 1.
The angular velocity can be eliminated, if the angular momentum is known. Unfortunately, our Hamiltonian is not invariant under the rotation. We have no means to estimate the total angular momentum correctly. Several authors have recently discussed on this question,8),1l),12) but here following the Inglis' version, we identify the expectation value of ~L~';) with the eigenvalues of the angular momen-
Eliminating f2 in (41) and (43), the excitation energy can be expressed in the form of rotational energy,
Namely the magnitude of the moment of inertia reduces to about one third of the rigid value.
It may be safely said that the effective two-body potential prevents the density changes and the smaller parts of nuclear matter can participate in the rotational motion. In this section the results obtained in the preceding chapters will be summanzed and some discussions will be given.
1) The effective two-body potential to be added to the uniform potential can be determined, provided that the deformation and the rotational motions turn out to be the solutions of the time dependent Hartree equations. The resulting form is similar to Elliott's potential.
2) The assumed uniform potential fixes the shape of this effective two-body potential, the strength of which is expressed uniquely in terms of the magnitude of deformation and particle configurations.
3) The two-body potential thus derived consists of two parts, the inducing and the restoring, and each part is factorizable.
It depends rather upon the positions of individual particles than on their mutual distances. This fact seems to be very remarkable. The random parts of correlations would certainly be averaged out, because the deformation and the rotation of a whole nucleus are of the collective nature.
4) The rotational energy is calculated with the use of the above two-body potential. This differs from Inglis' result in the appearance of an extra term which comes from the fluctuation of the uniform potential. This extra effect reduces the magnitude of the moment of inertia to about one third of the rigid value.
5) The extra effect mentioned in 4) originally comes from the mutual correlations which is lacking in Inglis' model and probably relates to Bohr-Mottelson's interactions introduced to adjust the value of the moment of inertia.
Therefore we presume here that our fundamental picture for the nuclear deformation and rotation might be reasonable. 
ift~</J (tL= (T+R(t) -lUR(t) ) </J(t) ==(T + U(t» </J(t). at
In this system the uniform potential has certain time variation specified by the residual interaction (HI V).
Instead of deriving U(t) from the nuclear potential, we determined it in the text from the nuclear deformation phenomenologically.
It will be convenient to divide them into two parts, each proportional to y2 and Z2. After simple calculations, we find for each part of U~12)
(AlII· 4)
acc ace (m+l,n+l) where the notations These results make clear how each term of density p(2 j contributes to the rottional energy. That is, p~2), as the matter of course, induces the excitation energy to decrease and the others to increase it. All terms are nearly of the same order of magnitude.
Finally we will give numerical results. For this purpose, we employ the eqilibrium condition which gives a good fit with the observed deformation, (AlII· 9)
In fact, starting from a given value of (J, the calculated value of Sm/ Sn reproduces the initial value of (J. In the case of our example, 0~2.6.
U sing this value of 0, we get after straightforward calculations, (U~2)g,.ounrl ~4· i(f~-) 2 • n(l)z' Sm, ( 
